Tian N, Moore RS, Phillips WE, Lin L, Braddy S, Pryor JS, Stockstill RL, Hughson MD, Manning RD Jr. NADPH oxidase contributes to renal damage and dysfunction in Dahl salt-sensitive hypertension. Am J Physiol Regul Integr Comp Physiol 295: R1858-R1865, 2008. First published October 15, 2008 doi:10.1152/ajpregu.90650.2008.-The goal of this study was to test the hypothesis that NADPH oxidase contributes importantly to renal cortical oxidative stress and inflammation, as well as renal damage and dysfunction, and increases in arterial pressure. Fifty-four 7-to 8-wk-old Dahl salt-sensitive (S) or R/Rapp strain rats were maintained for 5 wk on a high sodium (8%) or high sodium ϩ apocynin (1.5 mmol/l in drinking water). Arterial and venous catheters were implanted on day 21. By day 35 in the high-Na S rats, mRNA expression of renal cortical gp91phox, p22phox, p47phox, and p67phox NADPH subunits in S rats increased markedly, and treatment of high-Na S rats with the NADPH oxidase inhibitor apocynin resulted in significant decreases in mRNA expression of these NADPH oxidase subunits. At the same time, in apocynin-treated S rats 1) renal cortical GSH/GSSG ratio increased, 2) renal cortical O 2
SALT-SENSITIVE HYPERTENSION in humans and experimental models has been associated with progressive renal damage leading to end-stage renal disease. The Dahl salt-sensitive (S) rat is a good model of human salt-sensitive hypertension. The link between high blood pressure and renal damage may involve high renal oxidative stress and renal inflammation, and this has been shown in several studies in S rats (22, 37, 39, 41) .
Oxidative stress can be caused by elevated levels of prooxidants such as NADPH oxidase, xanthine oxidase (XO), NO synthase, cyclooxygenase, and leakage of electrons during mitochondrial function. Also, a deficiency in antioxidants such as superoxide dismutase, catalase, or glutathione can cause oxidative stress. Increased general oxidative stress has been shown for the spontaneously hypertensive rat (SHR), the stroke-prone SHR, DOCA-salt hypertensive rats, and the S rat (4, 5, 8, 22, 23, 34, 44) . Also, increased renal oxidative stress has been found in lead-induced hypertension (43) and coarctation of the aorta (2) .
NADPH oxidase has been shown to be one of the most powerful prooxidants in both the vasculature and in the kidney. This oxidase is primarily made up of the membrane components gp91phox and p22phox and the cytosolic components p47phox, p67phox, and p40phox. Sprague-Dawley rats on a high-Na diet experienced increases in renal cortical gp91phox and p47phox subunits of mRNA expression (16) . Renal medullary p22phox and p47phox protein were found to be elevated in the renal outer medulla in S rats compared with consomic, salt-resistant Dahl S-13 BN rats (35) . However, the role of renal cortical NADPH oxidase in S rat hypertension is not clear. The main goal of the present study was to test the hypothesis that renal cortical NADPH oxidase plays a role in increases in renal damage and arterial pressure and decreases in renal hemodynamics that occur in S rats subjected to a high-Na intake. A second goal was to initially assess the long-term role of XO in S rat hypertension. These goals were met in studies in S rats on either an 8% Na diet or an 0.3% Na diet over a 5-wk period with and without NADPH oxidase or XO inhibition. In the NADPH oxidase study, mRNA expression in renal cortical NADPH oxidase subunits due to either 5 wk of high-or normal-Na intake or to high-or normal-Na intake plus the NADPH oxidase inhibitor apocynin were measured, and we determined changes in renal cortical oxidative stress, renal hemodynamics, blood pressure, renal inflammation, and renal damage.
METHODS

Animal protocol and experimental measurements apocynin study.
Experiments were conducted over 5 wk on four groups of 7-to 8-wk-old S rats, Rapp strain (Harlan Sprague Dawley, Indianapolis, IN) with approval of the Institutional Animal Committee. Rats were randomly divided into four groups: S 8% Na (n ϭ 11); S 8% Naϩapocynin (NaϩApo; n ϭ 9); S 0.3% Na (n ϭ 7); S 0.3% NaϩApo (n ϭ 7). Apo was administered in the drinking water at 1.5 mmol/l (4) starting 4 days before the 5-wk period. Catheters were implanted into the femoral artery and vein after 3 wk on the diets using isoflurane anesthesia (1%). Rats were allowed a 4-day recovery period after catheter surgery, and a 10-day period of collection of arterial pressure, heart rate, and renal hemodynamic data followed (23, 37, 39, 41) . Glomerular filtration rate (GFR) and effective renal plasma flow (ERPF) were measured in conscious rats on day 34, as we have done before (22, 38) . Briefly, a 4-h fasted plasma sample was taken, and iothalamate and aminohippurate concentrations were measured after a 12-h period of intravenous infusion of [ 125 I]iothalamate and aminohippurate Na (3, 6) .
To provide additional renal tissues for several assays, an additional 20 rats were subjected to the same diet regimen as the above groups for 5 wk, but without catheters. After 5 wk of the Na diets and before the kidney tissues were removed, arterial catheters were acutely inserted into the aorta under isoflurane anesthesia in all rats. Arterial pressures were determined in rats with chronic catheters and the 20 rats without chronic catheters to ensure that their pressures were not different. The kidneys were removed using isoflurane anesthesia, and the renal cortex was isolated and homogenized in appropriate buffers and protease inhibitors. Using a Berthold Autolumat Plus luminometer, basal chemiluminescence of renal cortical tissue was measured employing 5 M lucigenin (bis-N-methylacridinium nitrate). Electron spin resonance methods have validated the accuracy of measuring oxygen free radical production with 5 M lucigenin (19, 31) . NADPH oxidase activity was determined by adding 100 M NADPH to the kidney samples and measuring lucigenin chemiluminescence as above (14, 36) . Protein amounts in renal tissues and urine were quantified with the Lowry assay and the Bradford assay, respectively.
RNA isolation and cDNA synthesis. Frozen kidney was pulverized in a mortar and pestle under liquid nitrogen. The powdered tissue was added to TRI Reagent (Molecular Research Center) in a 50-ml conical centrifuge tube and homogenized using a Polytron homogenizer on low speed. The sample was centrifuged at 12,000 g for 10 min at 4°C to remove large molecular-weight DNA and insoluble structural proteins, and the supernatant was processed to isolate RNA. Aliquots of 5 g of RNA isolate were treated with DNase I (DNA-free RNA kit; Zymo Research). The concentration of nucleic acid was assessed using a UV spectrophotometer (SmartSpec 3000; Bio-Rad Laboratories). RNA quality was assessed by A260-to-A280 ratio and by electrophoresis of 0.9 -1.0 g aliquot on a 1.2% agarose gel using 1ϫ TBE buffer, with ethidium bromide staining. RNA was judged to be intact if the sample lane showed prominent discrete bands for 18S and 28S rRNA with no smearing. DNase-treated RNA was then used as a template for cDNA synthesis (iScript cDNA synthesis kit; Bio-Rad Laboratories) following the manufacturer's protocol. The cDNA samples were diluted 1:10 with nuclease-free water before being used as a template for real-time RT-PCR.
Real-time RT-PCR. Real-time RT-PCR assays were performed using iQ SYBR Green Supermix (Bio-Rad Laboratories) on an iCycler iQ Real-Time PCR Detection System (Bio-Rad Laboratories). Specific oligonucleotide primers for gp91phox, p22phox, p47phox, and p67phox were used for PCR amplifications. Undiluted (Ϫ)RT products were used as templates in negative control reactions to check for genomic DNA contamination within the cDNA. Other negative control reactions included NT reactions (which contained SYBR Green Supermix, forward and reverse primers, and nucleasefree water) as well as a blank (which contained SYBR Green Supermix and nuclease-free water). Relative fold expression of mRNA was quantified by using the 2
Ϫ⌬⌬Ct mathematical model (7, 20) . Measurement of renal glutathiones and renal monocytes/macrophages. Reduced (GSH) and oxidized glutathione (GSSG) were determined using the fluorescent detection of dansyl derivatives using HPLC according to the method of Jones (15) as we have done before (40, 41) . Renal monocytes/macrophages from tissues collected at 5 wk of the various diets were measured by indirect immunoperoxidase methodology (26) using ED-1, a monoclonal antibody to monocytes/ macrophages (Chemicon).
Analysis of glomerular and tubulointerstitial injury. Kidney sections were examined for necrotic and sclerotic glomeruli at a ϫ200 magnification using PAS-hematoxylin/eosin stains (22, 37) . Tubulointerstitial renal injury was determined using a Masson trichromestained kidney section from each rat. Briefly, this injury was measured as the area of interstitial tissue with increased amounts of blue staining, dilated cast-containing tubules, or tubules showing acute injury divided by the area of nonglomerular and nonvascular cortex.
Allopurinol study. Arterial and venous catheters were implanted as above in three 8% Na diet rats and three 8% Naϩallopurinol (Allo) rats to block XO, and studies were run over a 5-wk period. Allo was administered in the drinking water at ϳ10 mg ⅐ kg Ϫ1 ⅐ day Ϫ1 starting 4 days before the 5-wk period began, and this dose of Allo has been shown to totally inactivate renal XO (17) . Mean arterial pressure was measured continually over the last 10 days of the experiment, and GFR was measured on day 34 as above.
Statistical analysis. Comparisons of data from S rats on high or low sodium with and without apocynin treatment were performed using ANOVA followed by a Fisher least significant difference test for post hoc analysis. Differences were considered to be statistically significant if P Ͻ 0.05. All data are expressed as means Ϯ SE.
RESULTS
Renal cortical NAD(P)H oxidase subunit responses to high-
NaϩApo. Figure 1 shows that S rats on high-Na-intake experienced significant increases in renal cortical gp91phox, p22phox, p47phox, and p67phox mRNA compared with 0.3% Na rats. Apo treatment in high-Na rats resulted in marked decreases in all subunits of NAD(P)H oxidase. Therefore, transcription of NAD(P)H oxidase is importantly affected by Na intake and by Apo treatment.
Renal cortical GSH/GSSG and renal cortical O 2
•Ϫ release responses to high-NaϩApo Figure 2 shows that S rats on long-term Apo treatment and high-Na intake had a significantly higher GSH-to-GSSG ratio in the renal cortex compared with high-Na S rats. This ratio has been shown to be a highly reliable index of oxidative stress with higher values, indicating less oxidative stress (15) . Figure  2 also shows that renal cortical O 2
•Ϫ release was lower in high-Na S rats on Apo compared with high-Na S rats. Figure 2 , bottom, shows that Apo treatment caused a lower NADPH oxidase activity in renal cortical samples.
GFR and renal plasma flow responses to high-NaϩApo. Figure 3 shows that an 8% Na intake in S rats caused a significantly lower GFR (1.9 Ϯ 0.1 ml/min) compared with the S 0.3% Na rats (3.3 Ϯ 0.3 ml/min). The Apo treatment of 8% Na rats resulted in a significantly higher GFR (2.8 Ϯ 0.1 ml/min compared with the 8% Na rats). Therefore, Apo treatment prevented a decrease in GFR in S rats on high-Na intake. High-Na intake in S rats caused a significant decrease in effective renal plasma flow (ERPF) to 6.3 Ϯ 0.5 ml/min compared with 0.3% Na S rats (12.6 Ϯ 0.8 ml/min), and ERPF in Apo-treated rats was 8.5 Ϯ 0.3 ml/min. Renal vascular resistance averaged 53.2 Ϯ 4.5 mmHg⅐ml Ϫ1 ⅐min Ϫ1 in high-Na S rats and 36.0 Ϯ 2.1 mmHg⅐ml Ϫ1 ⅐min Ϫ1 in high-Na S rats treated with Apo (P Ͻ 0.05). Apo treatment in S rats on a 0.3% Na diet caused no significant change in GFR, ERPF, or renal vascular resistance compared with 0.3% Na rats.
Mean arterial pressure, heart rate, and urinary protein excretion responses to high-NaϩApo. Figure 4 shows that Apo treatment in high-Na S rats resulted in only moderate decreases in arterial pressure. The arterial pressures are illustrated for the last 10 days of the 5-wk experiment, and had a value of 183 Ϯ 3 mmHg in the high-Na S rats compared with 162 Ϯ 4 mmHg in the high-NaϩApo rats on day 35 (P Ͻ 0.05). Heart rate did not change significantly in any group. Figure 4 , bottom, shows that the high-Na S rats had elevated values of urinary protein excretion compared with 0.3% Na S rats and the high-Na SϩApo rats throughout the last 10 days of the experiment except on days 27, 29, and 30 in the high-NaϩApo group. Apo treatment thus prevented renal damage in high-Na S rats.
Renal monocyte/macrophage responses to high-NaϩApo. Figure 5 presents representative renal micrographs of the four groups of rats with ED-1ϩcells (monocytes/macrophages). Figure 5 , bottom, shows the average renal ED-1ϩcells and indicates that renal monocyte/macrophages reached a value of 22.6 Ϯ 1.6 cells/mm 2 in 8% Na S rats compared with 1.8 Ϯ 0.03 cells/mm 2 in 0.3% Na S rats (P Ͻ 0.05). Apo treatment of high-Na S rats resulted in a significantly lower value of 7.8 Ϯ 0.8 ED-1ϩcells/mm 2 . Histological analyses of kidneys with or without Apo. Figure 6 shows representative kidney sections for each group of rats. In the 8% Na rats (Fig. 6, top left) , the kidneys exhibited fibrinoid arterial and arteriolar necrosis and fibrinoid glomerular necrosis. Some glomeruli at all levels of the cortex showed global or segmental glomerular sclerosis. In the 8% NaϩApo rats (Fig.  5, top right) , the kidneys had a significantly smaller number of glomeruli that showed fibrinoid glomerular and arteriolar necrosis. Tubulointerstitial injury in 8% NaϩApo rats, which was much less common than in the high-Na rats, contained some areas with dilated tubules surrounded by increased amounts of interstitial connective tissue. In the 0.3% Na and 0.3% NaϩApo groups (Fig. 5, bottom) , the kidneys had a normal appearance with infrequent sclerotic glomeruli in the subcapsular cortex.
Average glomerular and tubulointerstitial damage responses to high-NaϩApo. Figure 6 shows, tubulointerstitial damage averaged 0.49 Ϯ 0.04 (fractional area) in the high-Na S group, and this area decreased significantly in high-Na S rats on Apo treatment to 0.27 Ϯ 0.05. Figure 6 also shows that the average glomerular necrosis was markedly increased in the high-Na S rats compared with either the S high-NaϩApo rats or S 0.3% Na groups. The Apo treatment decreased the fraction of glomerular necrosis in the S rats on a high-Na intake by 85%.
Mean arterial pressure, GFR, and renal plasma flow responses to high-NaϩAllo. Allo was given in the drinking water of three 8% Na S rats and three 8% NaϩAllo S rats for 5 wk to inhibit XO. There were no significant changes in the average mean arterial pressure over the last 10 days of the experiment (183 Ϯ 1 mmHg in 8% Na and 182 Ϯ 1 mmHg in 8% NaϩAllo). There were also no significant changes in GFR Fig. 1 . Effects of apocynin (Apo) and Na diet on the mRNA expression of NADPH oxidase subunits in Dahl salt-sensitive (S) rats in 8% Na (n ϭ 9), 8% NaϩApo (n ϭ 8), 0.3% Na (n ϭ 6 -7), and 0.3% NaϩApo groups (n ϭ 6). †P Ͻ 0.05 when comparing 8% Na with 8% NaϩApo group. *P Ͻ 0.05 compared with 0.3% Na alone group.
(2.0 Ϯ 0.2 ml/min in 8% Na and 2.0 Ϯ 0.4 ml/min in 8% NaϩAllo). Therefore, we found no evidence for a protective effect of Allo for the rise in arterial pressure or the decrease in GFR experienced in high-Na S rats.
DISCUSSION
There were several new findings in this study. First, renal cortical mRNA levels of renal cortical gp91phox, p22phox, p47phox, and p67phox NADPH subunits in Dahl S rats were significantly upregulated by the 5-wk high-Na diet, and treatment of high-Na S rats but not low-Na S rats with Apo resulted in much lower values of NADPH subunit mRNA expression. A second novel finding was that in Apo-treated S rats, the renal cortical GSH-to-GSSG ratio increased, the renal cortical O 2
•Ϫ release decreased, and NADPH oxidase activity in the renal cortex was lower. A third new finding was that in high-Na S rats that received Apo, but not in rats that received Allo, GFR and renal plasma flow were higher, and renal vascular resistance was lower. A fourth novel finding was that long-term arterial pressure was lower, and renal cortical inflammation and renal glomerular and interstitial damage were lower in Apo-treated S rats on high-Na intake.
A previous study in DOCA salt-hypertensive rats reported that aortic p22phox mRNA was elevated in the DOCA rats compared with sham rats, and systemic Apo treatment in DOCA rats resulted in lower values (but was not statistically significant) of p22phox mRNA (4). Apo also reduced systolic pressure in DOCA rats (4) . Systemic Apo prevented hypertension in aldosterone-infused rats, and aortic mRNA for p22phox decreased (24) . Systemic Apo also prevented dexamethasoneinduced hypertension in rats (12) , and thick ascending loop of Henle superoxide production was inhibited by Apo (11) . Adrenocorticotropic hormone-induced hypertension was prevented or reversed by systemic Apo but not Allo (46) . The above studies agree with the present study in that Apo reduced blood pressure and NADPH subunit mRNA expression. However, the above studies mainly focused on blood pressure regulation, and NADPH oxidase subunit mRNA was measured only in nonrenal vessels. In a recent elegant study, infusion of Apo into the renal medulla reduced arterial pressure in Dahl S rats (35) . Also, in this study, levels of p22phox and p47phox protein in the renal outer medulla were lower in the saltresistant SS-13BN rats compared with the salt-sensitive SS rats (35) , and the data support an important role of NADPH oxidase in the renal medulla in Dahl S rat hypertension. In contrast, our study demonstrates an important renal cortical role of NADPH oxidase in Dahl S rat hypertension and the associated oxidative stress and inflammation in the renal cortex and the resulting renal damage and dysfunction.
In the present study, on day 35 mean arterial pressure was 21 mmHg lower in the high-Na rats treated with Apo compared with high-Na alone rats. Other investigators have also measured blood pressure during Apo administration. Taylor et al. Fig. 3 . Glomerular filtration rate (GFR), renal plasma flow (ERPF), and renal vascular resistance responses in Dahl S rats in 8% Na (n ϭ 9), 8% NaϩApo (n ϭ 8), 0.3% Na (n ϭ 7), and 0.3% NaϩApo (n ϭ 7) groups. †P Ͻ 0.05 when comparing 8% Na with 8% NaϩApo group. *P Ͻ 0.05 compared with 0.3% Na alone group. Fig. 2 . Reduced-to-oxidized glutathione ratio (GSH/GSSG) in renal cortical tissue (8% Na, n ϭ 9; 8% NaϩApo, n ϭ 12), and renal cortical superoxide release and renal cortical NADPH oxidase activity in 8% Na (n ϭ 13) and 8% NaϩApo (n ϭ 9) in Dahl S rats. †P Ͻ 0.05 when comparing 8% Na with 8% NaϩApo group.
(35) reported a decrease in mean arterial pressure of 18 mmHg in Dahl S rats after 13 days of Apo into the renal medulla. Beswick et al. (4) found that the systolic blood pressure of DOCA-salt rats was 54 mmHg lower in Apo-treated rats. The pressure decrease in the present study is similar to that in the study by Taylor et al. (35) , which indicates that the increase in blood pressure in Dahl S rats is less dependent on NADPH oxidase than in models such as DOCA-salt hypertension. However, in spite of the moderate decrease in blood pressure in the present study, the amount of renal damage and dysfunction was markedly lower during Apo treatment, indicating that Apo has a protective role in hypertension-induced kidney damage.
Two studies previously done in our laboratory indicate that Dahl R rats subjected to high-Na intake maintain blood pressure and renal cortical superoxide production at low-Na control values (23, 40) . Also, renal damage and proteinuria were unchanged when comparing low-and high-Na R rats. We do not have direct measurements of NADPH oxidase activity, but the lack of change of renal cortical superoxide production during high Na (23) suggests that NADPH oxidase activity would be unchanged.
Apo is believed to inhibit NADPH oxidase activity by impeding the movement of p47phox from the cytosol to the membrane (45) . We submit new information in the Dahl S rat in the present study, which shows that renal cortical mRNA levels of gp91phox, p22phox, p47phox, and p67phox NADPH subunits were markedly lower in Apo-treated high-Na S rats. This result confirms the decrease in aortic p22phox mRNA by Apo in aldosterone-infused rats (24) . The decreased NADPH subunit transcription plus a possible impediment in the translocation of p47phox helps to explain why NADPH oxidase activity decreased. Although Apo could have a direct effect on reducing phox subunit transcription, a more likely mechanism is that Apo caused a reduction in invading leukocytes and thus decreased the NADPH oxidase subunits contained in the leukocytes. This is supported by the lack of effect of Apo on phox subunits in the 0.3% rats.
The mRNA of NADPH oxidase subunits decreased a greater percentage than did the NADPH oxidase activity during Apo treatment. A possible reason is that Nox4 does not require activation by any cytosolic subunits of NADPH oxidase and thus is unaffected by Apo (30) . Therefore, Nox4 could continue to produce basal amounts of superoxide, which are unaffected by Apo, and this helps to explain the attenuated drop in NADPH oxidase activity.
Apo has been traditionally used to inhibit NADPH oxidase, but to be effective it has to be converted to an active dimer by myeloperoxidase (MPO) or other peroxidases (10, 42) . Studies on HEK-293 cells, which do not express MPO, showed that Apo did not decrease NADPH oxidase activation or decrease Fig. 5 . Top: representative ED-1ϩcells (monocytes/macrophages) in the renal cortex of 8% Na or 0.3% Na Dahl S rats with and without Apo treatment. Kidneys were removed after 5 wk of the Na diet. Renal infiltration of monocytes/macrophages decreased in Dahl S rats treated with Apo. Bottom: average renal cortical monocyte/macrophage infiltration in Dahl S rats with 8% Na (n ϭ 12), S 8% NaϩApo (n ϭ 7), Dahl S rats with 0.3% Na (n ϭ 7), and S 0.3% Na ϩ Apo (n ϭ 7) groups. †P Ͻ 0.05 when comparing 8% Na with 8% NaϩApo group. *P Ͻ 0.05 compared with 0.3% Na alone group. Scale bar ϭ 30 M. Fig. 4 . Mean arterial pressure, heart rate, and urinary protein excretion responses in Dahl S rats in 8% Na (n ϭ 11), 8% NaϩApo (n ϭ 9), 0.3% Na (n ϭ 7), and 0.3% NaϩApo (n ϭ 7) groups. †P Ͻ 0.05 when comparing 8% Na with 8% NaϩApo group. *P Ͻ 0.05 compared with 0.3% Na alone group. superoxide formation (10) , but under these conditions could scavenge reactive oxygen species. However, this should not be an important concern in the intact kidneys of Dahl S rats, which we and others have shown to have an abundance of leukocytes (21, 27, 39) . Leukocytes in the kidney have been shown to have high concentrations of MPO needed to oxidize Apo into an active dimer (32) , which would allow Apo to inhibit NADPH oxidase activity within the leukocytes. This is the most likely mechanism by which Apo decreased this oxidase activity in the present experiment. Astern et al. (1) have shown that MPO released by neutrophil degradation was internalized into endothelial cells facilitated by cytokeratin 1. This presents a possibility, although unproven, that MPO could enter some of the cells in kidney tissue and activate Apo. That Apo was activated in the present study is evidenced by the significant decrease in renal cortical NADPH oxidase activity in S rats treated with Apo. This suggests that Apo may be an effective tool for inactivating NADPH oxidase in renal tissue, and, in addition, renal damage was markedly reduced by Apo.
Progressive declines in GFR and renal plasma flow are evident in end-stage renal disease, and these declines in GFR and renal plasma flow as well as renal damage were apparent Fig. 6 . Top: representative renal histology (all ϫ200 magnification) in the renal cortex of Dahl S rats with 8% Na (n ϭ 12), S 8% NaϩApo (n ϭ 7), Dahl S rats with 0.3% Na (n ϭ 7), and S 0.3% NaϩApo (n ϭ 7) groups. Bottom: average tubulointerstitial damage (fractional area) and glomerular necrosis (fraction of glomeruli). †P Ͻ 0.05 when comparing 8% Na with 8% NaϩApo group. *P Ͻ 0.05 compared with 0.3% Na alone group. Scale bar ϭ 30 M.
in high-Na S rats in the present study. Treatment of high-Na S rats with Apo improved GFR and renal plasma flow but not in low-Na S rats, and renal damage was markedly reduced in high-NaϩApo rats. A previous study in S rats on a high-Na diet also showed decreases in GFR and renal plasma flow, as well as marked proteinuria and renal damage (33) , and studies in our laboratory showed that general antioxidants prevent declines in renal hemodynamics and renal damage (37, 40, 41) . The present study clearly shows that inhibiting the increase in NADPH oxidase activity prevented much of the renal damage, especially in the renal cortex, and this was accomplished in spite of only a 20 mmHg decrease in arterial pressure. Figure 6 shows that glomerular damage was prevented in high-NaϩApo S rats. In these rats renal tubulointerstitial damage was reduced by one half, which is similar to the change seen in high-Na S rats with vitamin C and E treatment (21) but less than the 83% improvement seen in high-Na S rats treated with N-acetylcysteine (41) . Proteinuria in high-Na S rats was significantly decreased in high-Na S rats in the present study, but the magnitude of proteinuria decrease was smaller than that seen when using a general antioxidant (37, 41) . Since urine protein excretion is affected by both the permeability of the glomerular membrane and the reabsorption by the tubules (9), perhaps the high remaining tubulointerstitial damage in Apo-treated rats suggests that protein reabsorption in these damaged tubules was poor. This tubulointerstitial damage, with its poor protein reabsorption, plus the remaining high blood pressure would cause elevated proteinuria in Apo rats.
In addition to increasing renal angiotensin II content, infiltration of immune cells can lead to renal damage. Indeed, renal cortical macrophages were at very high levels in high-Na S rats in this study. We showed that Apo treatment markedly reduced the number of renal macrophages in high-Na rats. We have previously seen renal macrophage invasion in high-Na S rats (39, 41) , and treatment with either anti-inflammatory compounds or antioxidants reduced macrophage infiltration and the associated renal damage (39) . Reduction of oxidative stress in the present study by specifically inhibiting NADPH oxidase also effectively inhibited macrophage infiltration into the kidney and also reduced the renal damage, suggesting that NADPH oxidase plays an important role in end-stage renal damage. Reduction in macrophage infiltration may have decreased intrarenal angiotensin II (28) , which could have in turn decreased mRNA transcription of NADPH oxidase subunits.
Perspectives
Oxidative stress and inflammation have been shown to play a major role in many forms of experimental hypertension. NADPH oxidase is an important contributor to oxidative stress with effects on renal inflammation, blood pressure, renal hemodynamics, and renal damage. Oxidative stress studies in humans are scarce, but the results thus far indicate an important role of reactive oxygen species in human hypertension (18, 25, 29) . Antihypertensive therapy in these patients decreased free radical production and lipid peroxides to normal (25) . A recent study has shown that renal monocytes/macrophages were significantly increased in African-American and white hypertensive patients, and these immune cells were localized to areas of cortical fibrosis and glomerular obsolescence (13) . The beneficial role of NADPH inhibition in the current study indicates that an increase in oxidative stress and inflammation could be contributory mechanisms in human hypertension and the renal damage associated with hypertension.
